Introduction {#sec1-1}
============

The generation of new neurons in adulthood, referred as to adult neurogenesis, occurs in restricted areas of mammalian brain, including the subgranular zone (SGZ) in the dentate gyrus (DG) of the hippocampus. In this region resident neural stem/progenitor cells (NSC/NPC) are present, can self-renew and give rise to nestin-positive transiently amplifying progenitor cells which, in turn, can generate neuroblasts capable of terminal neuronal differentiation. Finally, the post-mitotic neuronal progeny of GC can be functionally integrated into the adult hippocampal circuitry (Bond et al., 2015; Kempermann et al., 2015). Adult hippocampal neurogenesis (ahNG) has recently attracted interest due to its involvement in important functions such as cognition and memory, mood and emotional behavior, stress response (Aimone et al., 2010, 2014; Eisch and Petrik, 2012; Bortolotto et al., 2014). In addition to its potential role in brain homeostasis, ahNG is also profoundly dysregulated in several neuropsychiatric/neurodegenerative opening the question whether this process may participate in the pathophysiology of such diseases or, at least, contribute to some of their associated symptoms, such as dementia and depressed mood (Grilli and Meneghini, 2012; Bortolotto and Grilli, 2016a; Yun et al., 2016). Based on such findings, there is a need for a better understanding of the molecular pathways and receptors which are responsible for modulation of ahNG both under physiological and pathological conditions.

NF-κB Signaling Pathway in the Regulation of ahNG {#sec1-2}
=================================================

Within the CNS, nuclear factor-kappa B (NF-κB) transcription factors have been involved in a wide range of functions both in homeostasis and in pathology (Grilli et al., 1996; Grilli and Memo, 1997; Grilli and Memo, 1999; Kaltschmidt and Kaltschmidt, 2009; Bonini et al., 2016). NF-κB proteins are also highly expressed in areas of active neurogenesis in the postnatal and adult mouse brain (Denis-Donini et al., 2005; Meneghini et al., 2013). Over the years, our and other groups have produced a vast array of information on the complex involvement of NF-κB proteins in different aspects of postnatal neurogenesis (Grilli and Meneghini, 2012; Bortolotto and Grilli, 2014). In particular, several extracellular signals and membrane receptors have been identified as being able to affect neural stem cells/neural progenitor cells (NSC/NPC) and their progeny *via* NF-κB activation (Meneghini et al., 2010, 2013; Valente et al., 2015; Cuccurazzu et al., 2013; Bortolotto and Grilli, 2016a, b).

Since the initial observation of NF-κB presence in adult neurogenic areas, our group further explored the role of these regulatory proteins in adult neurogenesis with a specific focus on the NF-κB1 (p50) subunit. The availability of p50KO mice and their wild type counterpart (WT) allowed us to demonstrate that absence of p50 can profoundly affect the *in vitro* response of adult hippocampal NPC (ahNPC) to several endogenous signals and to drugs (Valente et al., 2012, 2015; Meneghini et al., 2013; Nafez et al., 2015). In addition to that, p50KO mice display a remarkable reduction in adult hippocampal neurogenesis which correlates with a selective defect in hippocampal-dependent short-term memory (Denis-Donini et al., 2008). A phenotypic characterization of the mutant mouse model suggested that lack of p50 results in defects in the late maturation of newly generated neurons, in absence of significant alterations in survival and proliferation rates of ahNPC (Denis-Donini et al., 2008). Interestingly, when cultured *in vitro*, ahNPC from WT and p50KO mice do not display different neurogenic potential, suggesting a role of the neurogenic niche in defective hippocampal neurogenesis observed in mutant mice *in vivo*.

The Cross-Talk Between Astrocytes and ahNPC in the Modulation of Adult Neurogenesis: A Role for NF-κB p50 {#sec1-3}
=========================================================================================================

It is well established that homeostasis of adult neurogenesis requires permissive and instructive signals for ahNPC, including the ones from the local microenvironment, the so called "neurogenic niche". A few years ago, a pivotal work demonstrated that astroglial cells, an important component of the neurogenic niche, can indeed instruct stem/progenitor cells to adopt a neuronal fate (Song et al., 2002). Since then the role of astrocyte-mediated signaling in ahNPC regulation has been extensively confirmed.

Recently we identified a novel astrocyte-secreted molecule which can affect cell fate specification of neural progenitors. We wanted to dissect the role of NF-κB p50 in the cross-talk between adult neural progenitor cells and astrocytes. In particular, we aimed at understanding the potential influence of astroglia-generated soluble factors on aNPC fate specification and the cell autonomous or non cell-autonomous role played by NF-κB p50 signaling in that context. To this purpose, we exposed both WT and p50KO hippocampal NPC to conditioned media from WT and p50KO astrocytes. These efforts allowed us to suggest that dysregulated NPC-astrocyte communication may indeed contribute to reduced hippocampal neurogenesis in p50KO mice *in vivo* (Cvijetic et al., 2017).

Lack of NF-κB p50 and Its Effect on Astrocyte Secretory Profile {#sec1-4}
===============================================================

In line with previously published data, WT Astrocyte Conditioned Medium (ACM) tested on WT ahNPC promoted their neuronal differentiation. When grown in culture in absence of growth factors, ahNPC spontaneously differentiate not only toward the neuronal but also toward non neuronal lineages (Meneghini et al., 2014). When ahNPC were exposed to p50KO ACM, astrogliogenic but not proneurogenic effects could be observed (Cvijetic et al., 2017). The lack of proneurogenic effects elicited by p50KO ACM could be ascribed to alterations in the secretory profile of astrocytes, occurring in absence of the NF-κB subunit. In particular, primary astrocytes lacking p50 could either become defective in the production of pro-neurogenic molecule(s) or, alternatively, produce antineurogenic molecule(s). These changes may occur because in absence of p50 a profound rearrangement occurs in the available pool of NF-κB transcriptional dimeric complexes, which may in turn result in activation and/or repression of target gene(s) (Grilli and Memo, 1999). Another possibility, that at present we cannot exclude, is that p50 absence may affect astrocyte secretory profile by altering the expression of genes encoding proteins which may influence the activity of secreted proteins *via* posttranscriptional modifications, *i.e*., kinases, phosphatases, proteases.

We decided to actively search for proteins differentially secreted by WT and p50KO astrocytes and correlated with the lack of pro-neurogenic effects observed in p50KO ACM. A proteomic approach allowed us to identify two soluble molecules which are upregulated in p50KO compared to WT ACM, namely C-C motif chemochine-2 (CCL2) and neutrophil gelatinase-associated lipocalin/lipocalin-2 (NGAL/LCN-2).

NGAL/LCN-2 as a Novel Proneurogenic Astrocyte-Derived Factor {#sec1-5}
============================================================

Absence of NF-κB p50 is commonly linked to inflammation in brain (Bernal et al., 2014; Bortolotto et al., 2014; Rolova et al., 2014) and both CCL-2 and NGAL/LCN-2, which are encoded by NF-κB target genes, share an established role in inflammatory processes (Ueda et al., 1994; Kohda et al., 2014). Since no information was yet available on the role of NGAL/LCN-2 on adult neurogenesis, we decided to concentrate our attention on this protein, whose expression is increased by about threefold in p50KO compared to WT ACM. NGAL/LCN-2 is an iron-related protein whose modulatory role in the CNS is not completely understood, but it is commonly regarded as a deleterious signal (Ferreira et al., 2015). To our surprise we discovered that NGAL/LCN-2 can promote, in a concentration-dependent manner, neuronal differentiation of WT ahNPC. Interestingly, under the same experimental conditions, NGAL/LCN-2 had no or little effect on neuronal differentiation of p50KO NPC. Altogether, these data propose NGAL/LCN-2 as a novel astroglial-derived signal able to promote neuronal fate specification of ahNPC (**[Figure 1](#F1){ref-type="fig"}**). We also discovered that p50KO NPC are less responsive to NGAL/LCN-2 and we could correlate such reduced sensitivity with downregulated expression of the LCN-2 receptor 24p3R, in mutant ahNPC. Although it has been demonstrated that 24p3R is constitutively expressed at high levels in brain (Chia et al., 2015), including the hippocampus, this is the first demonstration that the receptor is functionally expressed also in ahNPC.

![Cell autonomous and non cell-autonomous role of nuclear factor-kappa B (NF-κB) p50 in astrocyte-mediated fate specification of adult hippocampal neural progenitor cells.\
(A) Under basal conditions, multipotent adult hippocampal neural progenitor cells (ahNPC) differentiate *in vitro* toward neuronal and non-neuronal lineages, giving rise to neurons, astrocytes and oligodendrocyte precursors. (B) When wild type (WT, p50 expressing) ahNPC are exposed to WT astrocyte-conditioned medium (ACM), more neurons and astrocytes are generated *in vitro*, compared to basal conditions. Conversely, p50KO ACM promotes astroglial, but not neuronal differentiation in WT ahNPC. The number of oligodendrocyte precursors generated by ahNPC is unchanged in basal and WT/p50KO ACM-stimulated conditions. By proteomic analysis of ACM composition, the protein neutrophil gelatinase-associated lipocalin/lipocalin-2 (NGAL/LCN-2) is identified. 24p3R, one of the receptors for NGAL/LCN-2 is also expressed by ahNPC. p50KO ahNPC display unresponsiveness to both WT and p50KO ACM. Although the amount of NGAL/LCN-2 is significantly increased in p50KO compared to WT ACM, its receptor appears downregulated in p50KO ahNPC. Also α2δ1, the receptor for thrombospondin-1, another astrocyte-derived proneurogenic molecule, is downregulated in p50KO compared to WT ahNPC. Altogether, absence of NF-κB p50 correlates with phenotypic changes in both astrocyte secretoma and ahNPC responsiveness to astrocyte-derived signals. (C) NGAL/LCN-2 is a novel astrocyte-derived signal which promotes, at least *in vitro*, the neuronal differentiation of ahNPC.](NRR-12-354-g001){#F1}

Cell Autonomous Changes Also Occur in ahNPC in Absence of NF-κB p50 {#sec1-6}
===================================================================

The reduced expression of 24p3R in p50KO NPC prompted us to further investigate the phenotypic changes that may also occur in absence of p50 in adult neural progenitors. We therefore tested the effect of WT and p50KO ACM also on p50KO NPC differentiation. Surprisingly, neither WT nor p50KO ACM promoted neuronal and also astroglial differentiation of p50KO NPC over basal conditions. These findings suggest that, in absence of the NF-κB p50 subunit, cell autonomous changes may also occur and affect responsiveness of ahNPC to astrocyte-derived pro-neurogenic and astrogliogenic signals (Cvijetic et al., 2017).

While searching for phenotypic changes in p50KO NPC which may explain their reduced responsiveness to astrocyte-derived pro-neurogenic signals we evaluated the possibility that mutant cells may be deficient not only in 24p3R but also in other membrane-associated receptors for astrocyte-derived pro-neurogenic molecules. RAGE, the Receptor for Advanced Glycation End-products, is functionally expressed by adult NPC where it mediates the pro-neurogenic effects of several molecules, like HMGB-1 and S100B, which are known to be secreted by astrocytes (Meneghini et al., 2013; Bortolotto and Grilli, 2016a, b). Since in presence of a neutralizing anti-RAGE antibody WT ACM pro-neurogenic effects were unaffected, we could exclude the involvement of this receptor in astrocyte-mediated neuronal differentiation of ahNPC.

Thrombospondin-1 (TSP-1) is another established astrocyte-derived pro-neurogenic factor (Lu and Kipnis, 2010). The voltage-gated calcium channel α2δ1 subunit has been demonstrated to be a TSP-1 receptor (Eroglu et al., 2009) which is functionally expressed also by ahNPC (Valente et al., 2012). Interestingly, we discovered that α2δ1 expression levels were also significantly reduced in p50KO ahNPC, compared to their WT counterpart. In agreement with this observation, TSP-1 promoted an increase in the percentage of newly formed neurons in WT, but not in p50KO, NPC cultures. Altogether these data suggested that, in absence of p50, ahNPC responsiveness to distinct astrocyte-derived pro-neurogenic signals, and in particular to TSP-1 and LCN-2, was reduced *via* downregulated expression of their membrane receptors (Cvijetic et al., 2017).

Conclusions and Perspectives {#sec1-7}
============================

At present we have not yet identified a culprit for reduced pro-neurogenic effects of p50KO ACM on WT NPC. Indeed, in our cellular model also CCL-2, the other protein whose expression is significantly upregulated in p50KO ACM, exerted pro-neurogenic activity on WT ahNPC (unpublished data). Of course it is possible that LC-MS/MS analysis of ACM identified only a fraction of all astrocyte-secreted proteins, so we may have missed other contributors to the reduced proneurogenic potential of p50KO ACM.

In our experimental setting p50KO NPC were unresponsive not only to pro-neurogenic but also to astrogliogenic astrocyte-derived signals. In the future efforts will be devoted to identify astrocyte-secreted signals that promote astrogliogenesis from ahNPC as well as additional cell-autonomous changes that may take place in progenitors in absence of the NF-κB p50 subunit. Of course we are aware that the inability of p50KO NPC to respond to both pro-neurogenic and astrogliogenic signals may also depend on p50-requirement in the downstream signaling pathway triggered by exposure of NPC to ACM treatment. For example, NF-κB signaling activation has also been shown to occur downstream of LCN-2/24p3R activation (Ferreira et al., 2015).

Altogether based on our recent data, it can be envisioned that reduced hippocampal neurogenesis in p50KO mice (Denis-Donini et al., 2008) could be ascribed to complex defects in the cross-talk between astrocytes and ahNPC. Additionally, since microglial cells are well known contributors to hippocampal NPC specification we cannot exclude their contribution in the reduction of hippocampal neurogenesis observed in p50KO mice.

Our experimental work demonstrates that complex cell autonomous and non cell-autonomous changes can affect NPC fate specification in absence of NF-κB p50, as summarized in **[Figure 1](#F1){ref-type="fig"}**. We also showed, for the first time, that LCN-2 is an astroglia-derived signal which promotes neuronal fate specification of ahNPC and whose activity, in parallel with a downregulation of 24p3R, is strongly reduced in p50KO NPC.

Altogether, these data add further complexity to a growing body of data suggesting the relevance of NF-κB signaling in the modulation of adult hippocampal neurogenesis and the key role of astrocytes in the neurogenic niche.
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